INTRODUCTION
============

Concerns have been raised on hypovitaminosis D due to its high worldwide prevalence, and elderly population has received attention in this matter as they are more prone to develop vitamin D deficiency than younger population. More than 90% of the pigmented populace in the United States (including Asians) are reported to have vitamin D insufficiency (50-75 nM or 20-30 ng/mL), and estimated prevalence of vitamin D deficiency (defined as \< 50 nM or \< 20 ng/mL) in elderly has been reported to be about 50% worldwide ([@B1], [@B2]).

The role of vitamin D in many biological systems has been actively researched in recent years. At the same time, insulin resistance, a physiological state where insulin becomes less effective in lowering blood sugars, and metabolic syndrome, a group of cardiometabolic disease risk factors, has also received much attention for their increasing prevalence and consequent effects. The issue on the association of serum 25-hydroxyvitamin D (OHVD) levels with insulin resistance (IR) and metabolic syndrome (MS) has become a subject supported and challenged by increasing reports of evidence as well as controversy. With increasing reports on the role of vitamin D on elements of diabetes and metabolic syndrome such as adiposity, glucose homeostasis, lipid profiles and blood pressure, further investigation for evidence is greatly encouraged ([@B3]-[@B9]).

While longitudinal studies and intervention trials have shown inconsistent results for the association between vitamin D and IR or MS, numerous cross-sectional studies have demonstrated in favor of the relationship. However, limitation of the study designs has brought about a demand for better approach. Thus we carried out a panel study, as it controls time-invariant individual characteristics by design, therefore is suitable for analyzing of short-term changes in continuous variables.

In a national level prospective cohort study of 35,671 subjects followed in Korea from 2004 to 2006, significant increasing trend for MS was observed with increasing age (*P* \< 0.001 for both sex) ([@B10]). Along with susceptibility to hypovitaminosis D, the fact that elderly population is more vulnerable to cardiometabolic disease risks draws attention to further examine the association between low serum OHVD concentration and metabolic syndrome in the elderly. Confirming the association would be more important as supplementing vitamin D is practical and uncomplicated, such as sunbathing and dietary modification, especially for the less-active elderly population.

The purpose of our study was to investigate the relationship of serum OHVD levels with IR and MS in elderly Koreans by repeated measures up to 3 times.

MATERIALS AND METHODS
=====================

Subjects
--------

The study is a part of the Korean Elderly Environmental Panel (KEEP) study on Koreans over 60 yr old residing in Seongbuk-gu, Seoul, Republic of Korea. Of all 560 subjects, this research is focused on 301 subjects who had their serum OHVD levels measured more than once out of three opportunities, from August 2008 through August 2010.

Four hundred and eight subjects attended initial series of visits between September and December 2008, and 302 subjects attended second series of visits from April to September 2009. Third series of visits were attended by 173 subjects, between March to August 2010. Of the 302 subjects who made at least two visits, one subject was excluded as she participated from the second series of visits.

Variables
---------

A standard questionnaire was used by trained interviewers to collect information on age, sex, smoking (current/ex-/nonsmoker), alcohol drinking (yes/no), regular exercise (yes/no), and self-reported diabetes, hypertension, and dyslipidemia. A food frequency questionnaire on previous one year\'s dietary intake was also carried out to calculate total (both animal and vegetable) calcium intake. Blood pressure after five minutes-rest, height and weight were measured, and venous blood samples were collected to measure the following: fasting blood sugar (FBS), insulin, triglyceride (TG), high-density lipid (HDL) cholesterol, OHVD.

Data on moving-average amount of sunshine in Seongbuk-gu from the day each subject visited were gained from the Korea Meteorological Administration (<http://www.kma.go.kr>). The physical examination and blood test were repeated on the second and third series of visits.

Insulin resistance (IR) was measured using the homeostasis model assessment of insulin resistance (HOMA-IR) index, which is calculated as \[glucose × insulin\]/22.50. For the definition of abnormal levels of the markers, we used criteria for metabolic syndrome according to National Cholesterol Education Program Adult Treatment Panel III (NCEP-ATP III) Criteria for Asian Americans: triglyceride ≥ 1.695 mM (≥ 150 mg/dL), HDL cholesterol \< 1.036 mM (\< 40 mg/dL) for men and \< 1.295 mM (\< 50 mg/dL) for women, blood pressure ≥ 130/85 mmHg or current use of antihypertensive medications, and fasting glucose ≥ 5.55 mM (≥ 100 mg/dL) or previously diagnosed type 2 diabetes or using oral hypoglycemic agents or insulin. With lack of data for waist circumference, we used alternative definition of BMI ≥ 23 kg/m^2^ instead.

Laboratory methods
------------------

All blood samples were collected in 8 mL plain tubes around 10 a.m. in the morning after overnight fasting and centrifuged within 30-60 min of collection. It was then serum-separated in screw cap tubes and immediately stored in -70℃ freezers until analysis.

Analyses were performed in a central laboratory (Neodin Medical Laboratories, Seoul, Korea). Hexokinase method with Hitachi 7600 II analyzer (Hitachi, Tokyo, Japan) was used for measuring fasting blood glucose levels. Enzymatic caliometry was used for measuring serum lipid levels. Serum insulin levels were measured using competitive RIA method on 1470 WIZARD equipment (PerkinElmer, Turku, Finland), and serum OHVD levels were measured using chemiluminescentimmunoassay on LIAISON equipment (DiaSorin Inc., Stillwater, MN, USA). Quality control for OHVD was maintained using Levey-Jening chart, with mean ± 2SD values set as allowable range.

Statistical analysis
--------------------

Data analysis was carried out using SAS 9.2 (Cary, NC, USA) and R version 2.12.1 (The Comprehensive R Archive Network, <http://cran.rproject.org>). Mixed effect model was used for calculating the estimate effect of log-transformed OHVD levels on continuous variables by multiple regression, and generalized estimating equation model was used to calculate the estimate effect of OHVD on abnormal levels of the components of MS (discrete variables). For the graphical analysis of relationship between OHVD and marker levels, we used generalized additive mixed model.

As participants made different number of visits, the nonrandom loss of follow-up due to different number of repeated measures may lead to selection bias ([@B11]). Thus weighting follow-up observations was carried out, by inverse probability of attaining a follow-up response ([@B12]). With data from participants who made more than one visit, we performed logistic regression to predict follow-up probability (follow-up = 1, missing = 0), with covariates as previously measured age, sex, BMI, number of years of schooling, blood pressure, season, and temperature. Weight value of 1 was given to first observations of each participant, and more weight was given to more likely missing observations ([@B13]).

For multiple regression analysis, age and sex were adjusted in model 1; age, sex, smoking, alcohol, exercise, diabetes, hypertension and dyslipidemia were adjusted in model 2; variables in model 2 plus 7-days moving average for amount of sunshine were adjusted in model 3. In examining the association between OHVD levels and each of MS components, we used the same models.

Ethics statement
----------------

The study protocol was approved by the institutional review board of Seoul National University Hospital (IRB No. H-0804-045-241). Written informed consent was received from all participants.

RESULTS
=======

Baseline characteristics of study subjects are shown in [Table 1](#T1){ref-type="table"}. Of the 301 subjects, 68 were male and 233 were female, and their average age was 70.4 ± 5.23 (range: 60-84 yr). Percentages for current smoking and alcohol drinking were very low (smoking: 6.0%, alcohol drinking: 17.6%) while percentage of subject population on regular exercise was relatively high (38.4%).

Mean serum OHVD level was 41.66 ± 19.436 nM, ranging from 5.0 to 159.0 nM. Of all the measurements, 76.6% fell under vitamin D deficiency (\< 50 nM) while 16.9% and 6.6% fell under insufficiency (50-75 nM) and sufficiency (\> 75 nM). Percentages of subjects having hypertension, diabetes and dyslipidemia were derived from questionnaire results, and were found to be 45.5%, 16.0%, and 11.3% respectively.

Serum OHVD levels were calculated in percentiles and divided into quartiles, as Q1 (\< 20.754 nM), Q2 (20.754-32.448 nM), Q3 (32.448-48.298 nM), and Q4 (≥ 48.298 nM). Characteristics of study subjects across quartiles of OHVD levels on all three visits are described in [Table 2](#T2){ref-type="table"}. For mean and standard deviation values for each variable across quartiles of OHVD levels, *P* values were significant for body mass index (BMI), SBP, DBP, triglyceride (TG) levels, HOMA-IR, and amount of sunshine of the study area on the day each subject visited. Significant difference across quartiles of OHVD levels were also observed with subjects\' smoking, alcohol drinking and regular exercise.

Numbers and their percentages of subjects for abnormal categories of components for metabolic syndrome across quartiles of serum OHVD levels are shown in [Table 3](#T3){ref-type="table"}. Mantel-Haenszel chi-square test for trend showed significant difference in hypertriglyceridemia and hypertension across quartiles of OHVD levels.

Effects of serum OHVD levels on continuous variables (BMI, TG, HDL cholesterol, glucose, insulin, HOMA-IR, SBP, and DBP) across differently adjusted models were analyzed by mixed model analysis, and are shown in [Table 4](#T4){ref-type="table"}. Significant inverse relationship with serum OHVD levels were found with TG, insulin, HOMA-IR, SBP and DBP across all three models, but no significance was found with BMI, HDL cholesterol and glucose in any of the models. Results were consistent in direction and significance across all the selected moving average for amount of sunshine, and the effect size was greatest at lag 0-7. To confirm for the linear association between log-transformed OHVD levels and various outcome variables in the mixed model analysis, we implemented generalized additive mixed models, as shown in [Fig. 1](#F1){ref-type="fig"} ([@B14]).

Effects of OHVD levels on categorical variables of MS components across differently adjusted models were analyzed by generalized estimating equations. From analysis of outcome variables across all quartiles of OHVD levels, highest odds ratios for significant variables were estimated at the 75th percentile level of 48.298 nM (data not shown). As 50 nM is the definition level for vitamin D deficiency and as odds ratios at 48.298 nM and 50 nM did not largely differ, we evaluated the estimate effect of vitamin D at 50 nM on abnormal levels of markers. [Table 5](#T5){ref-type="table"} shows odds ratios of OHVD deficiency level on abnormal levels of markers across adjusted models. At serum OHVD level of 50 nM, odds ratios and their 95% confidence intervals were significant with only hypertriglyceridemia category of MS, with similar effect size across all models (odds ratio \[OR\]: 1.74 \[95% confidence interval: 1.13-2.70\] in model 3).

DISCUSSION
==========

Our results showed statistically significant inverse association of OHVD levels with IR, TG and blood pressure. Subjects with serum OHVD level less than 50 nM showed increased odds ratio of 1.74 for hypertriglyceridemia when we used criteria for MS.

Average serum OHVD level found in our study was 41.66 nM and proportion of vitamin D deficiency (\< 50 nM) was 76.6%. These results are comparable with a population-based cross-sectional study on middle-aged and elderly Chinese population, which showed that their average OHVD level was 16.19 ng/mL (40.41 nM) with deficiency proportion of 69.2% ([@B6]). Another cross-sectional study on elderly Spanish found average as 17.21 ng/mL (42.96 nM) and proportion of OHVD level below 25 ng/mL (62 nM) as 86% ([@B15]). A cohort study on population over 30 yr old (mean age 49.6) with high risk for type 2 diabetes and/or MS found the average level as 22.36 ng/mL (55.81 nM) ([@B16]); the slightly higher average level of OHVD in the study could be explained by younger age-distribution of the study population. The lower serum OHVD levels in the elderly is possibly due to specific physiological and lifestyle factors linked to advanced age, such as impaired production of 7-dehydrocholesterol in the skin, insufficient exposure to sunlight, poor dietary intake of vitamin D, as well as chronic diseases, pharmacological treatments and disability ([@B17]).

Associations of serum OHVD levels and serum lipids have been reported. The Tromsø study in Norway showed significant increase in total cholesterol, HDL cholesterol and LDL cholesterol levels and decrease in serum TG levels across increasing serum OHVD quartiles in cross-sectional study, but significant association was found with serum TG levels only in longitudinal study ([@B18]). Other cross-sectional studies also supported the association of OHVD levels and lipid levels, but significance was confirmed with TG levels only ([@B19], [@B20]).

Our results on OHVD levels and insulin or HOMA-IR showed clear inverse relationship, and conforms with previous studies that used HOMA-IR as a marker to indicate IR. Numerous cross-sectional studies, with subjects in varying age group, in non-diabetic status or in risk of diabetes and/or MS and in various confounder-adjusted models, reported significant association with low serum OHVD levels and insulin resistance ([@B16], [@B21] [@B26]). In a prospective study on non-diabetic subjects aged 40-69 yr, baseline OHVD level was inversely associated with 10-yr risk of 2-hr glucose, insulin, and HOMA-IR ([@B22]).

Recently reported studies favor our finding on the relationship of OHVD levels with blood pressure. In a meta-analysis including 4 prospective studies and 14 cross-sectional studies, the odds ratio for a 16 ng/mL or 39.94 nM (2 SD) increment in serum OHVD level was 0.84 (95% CI 0.78-0.90) ([@B27]). The same study group also performed a cross-sectional study where they measured supine and 24-hr blood pressure measurements to lessen classification bias. Their results showed that men with OHVD levels \< 15.02 ng/mL or \< 37.49 nM had a 3-fold higher prevalence of hypertension compared to those with ≥ 15.02 ng/mL or ≥ 37.49 nM ([@B28]). In another recent study on initially normotensive, middle-aged Koreans with median OHVD level of 46.8 nM, odds ratio was substantially higher for new hypertension after 4 yr in subjects with OHVD levels below the median value compared with those above median (OR 2.74; 95% CI 1.40-5.34) ([@B29]).

Relationship between OHVD levels and insulin, HOMA-IR, SBP, DBP as continuous variables in our study showed statistical significance, but relationship between OHVD levels and \'hypertensive\', \'diabetic\' categories of MS did not. The latter insignificant results could be explained by the different value characteristics: serum OHVD, FBS levels and blood pressure reflect changes on daily basis while the \'hypertensive\' and \'diabetic\' categories reflect changes on longer term basis, as diabetes and hypertension are disease states attained possibly through years (i.e. not easily changed over time). Another possible explanation for the disappeared significance is that the effect of hypovitaminosis D may not be as influential as to reach body\'s \"threshold\" at which diabetes or hypertension can be developed. Although insignificant, increased odds ratios of \'hypertensive\' and \'diabetic\' categories at vitamin D deficiency level support the assumption (\'hypertensive\': OR 1.33, 95% CI: 0.91-1.95; \'diabetic\': OR 1.02, 95% CI: 0.75-1.40).

Because another Korean study suggested that the relationship between vitamin D and the risk of hypertension might be associated with a low habitual calcium intake and a high prevalence of vitamin D deficiency in Korea ([@B29]), we also analyzed for significance of total calcium intake across quartiles of OHVD levels by ANOVA ([Table 2](#T2){ref-type="table"}), and found no significant association. However, we could not further investigate this association in the mixed effects or generalized estimating equation model analyses, as calcium intake measurement was taken only once.

To our knowledge, this is the first study that has performed a repeated measure analysis in investigating the effect of OHVD levels on IR and MS. The advantage of this approach over existing cross-sectional analyses is to provide increased power to the outcome association. In mixed models, intra-individual variation as well as inter-individual variation is taken into account, thus providing increased validity for the association. However, it must also be noted that repeated measure analysis is limited in deducing causality.

Our study has several limitations. We did not account for parathyroid hormone (PTH) levels. With the role of OHVD/PTH axis as maintaining extracellular calcium homeostasis, PTH levels may play a role for the effect of OHVD. However, effects of PTH levels on IR or MS still remains a controversy as the previous results have been inconsistent. In one study, researchers found MS positively related to PTH levels in older men but not in women ([@B9]), while other found no evidence of independent association between PTH levels and MS ([@B5]). Another study reported results favoring PTH and not OHVD levels as an independent predictor of MS, but results were limited to morbidly obese Caucasians ([@B30]). A more recent study showed inconsistent associations of PTH levels with IR and MS across different OHVD levels ([@B26]). In the study on middle-aged Koreans, serum PTH and calcium levels were significantly higher in subjects with MS compared with those without, but the association of serum vitamin D levels and MS/hypertension were unchanged after adjustment for PTH and serum calcium levels, indicating that the associations were independent of these factors ([@B29]).

Although we adjusted for regular exercise and moving average of sunshine amount on days each subject visited, it would have been more accurate if we adjusted for actual outdoor physical activity and exposure amount to sunshine. Also, although oral vitamin D supplements are not available in Korea, we did not account for additional measures of vitamin D-rich food intake.

To allow for ethnicity, we used updated NCEP-ATP III criteria for Asian Americans for definition of MS. However, we used calculated BMI instead of waist circumference. Threshold level of 23 kg/m^2^ was used as this is the level classified as \"overweight\" in Asian populations ([@B31]). Waist circumference measurements in elderly could be inaccurate; nonetheless, BMI is less reflective of central obesity than waist circumference. Each subjects\' visit dates were on different intervals and seasons. To compensate for possible bias effect due to different seasons, we adjusted 7-days moving average for total amount of sunshine on each visit date in the final model.

In conclusion, we have found from our repeated measure analysis that decreasing OHVD levels are associated with increasing insulin resistance, increasing serum triglyceride levels and increasing blood pressure in elderly Koreans, and confirmed on the risk of \'hypertriglyceridemia\' in vitamin D deficient subjects.
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###### 

Baseline characteristics of study subjects by gender
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HDL cholesterol, high-density lipoprotein cholesterol; HOMA-IR, homeostasis model assessment of insulin resistance index.

###### 

Characteristics of study subjects across quartiles of serum OHVD levels, over all visit periods combined
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HDL cholesterol, high-density lipoprotein cholesterol; HOMA-IR, homeostasis model assessment of insulin resistance index.

###### 

\"Positive\" or \"negative\" proportions in five categories of metabolic syndrome; in total number of measurements, across quartiles of serum OHVD levels
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HDL cholesterol, high-density lipoprotein cholesterol.

###### 

Multiple regression of serum OHVD levels on measured outcome variables and HOMA-IR
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^\*^Model 1, adjusted for age and sex. ^†^Model 2, adjusted for age, sex, smoking, alcohol, exercise, diabetes, hypertension and dyslipidemia. ^‡^Model 3, adjusted for all variables in model 2 plus 7-day moving average for amount of sunshine of Seongbuk-gu from the day each subject visited. HDL cholesterol, high-density lipoprotein cholesterol; HOMA-IR, homeostasis model assessment of insulin resistance index.

###### 

Effect of serum OHVD levels on five categories of MS at definition level for vitamin D deficiency (50nM)
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^\*^Model 1, adjusted for age and sex. ^†^Model 2, adjusted for age, sex, smoking, alcohol and exercise. ^‡^Model 3, adjusted for all variables in model 2 plus 7-day moving average for sunshine amount of Seongbuk-gu from the day each subject visited. HDL cholesterol, high-density lipoprotein cholesterol.
